Analyses of earth radiation budget data from unrestricted broadband radiometers on the ESSA 7 satellite by Weaver, W. L. & House, F. B.
NASA 
TP 
c.1 I 
NASA Technical Paper 1402 I 
Analyses of Earth Radiation Budget 
Data From Unrestricted Broadband 
Radiometers on the ESSA 7 Satellite 
William L. Weaver and Frederick B. House 
MAY 1979 
0 
0 
https://ntrs.nasa.gov/search.jsp?R=19790014538 2020-03-21T23:41:46+00:00Z
TECH LIBRARY KAFB, NM 
I lll Hll Il1 Il1 llll I 11 II HI1 
0134800 
NASA Technical Paper 1402 
Analyses of Earth Radiation Budget 
Data From Unrestricted Broadband 
Radiometers on the ESSA 7 Satellite 
William L. Weaver 
La rigley Research Ceriter 
Haniptoti, Virginia 
and 
Frederick B. House 
Drexel University 
PhiladeZphia, Pennsylvania 
NASA 
National Aeronautics 
and Space Administration 
Scientific and Technical 
Information Office 
1979 
SUMMARY 
S i x  months of  d a t a  (Sept .  1968 through Feb. 1969) from the  wide-field-of- 
view law r e s o l u t i o n  i n f r a r e d  rad iometers  (LRIR)  on t h e  Environmental  Science 
S e r v i c e s  Adminis t ra t ion  (ESSA) 7 s a t e l l i t e  were analyzed. Earth-emit ted and 
Ea r th - r e f l ec t ed  i r r a d i a n c e s  were computed a t  s a t e l l i t e  a l t i t u d e  using d a t a  f r o m  
a new i n - f l i g h t  c a l i b r a t i o n  technique.  Flux d e n s i t i e s  and a lbedos  were computed 
f o r  t h e  t o p  of t h e  E a r t h ' s  atmosphere (30 km). Monthly averages of t hese  quan- 
t i t i e s  over  10O-lat i tude zones,  each hemisphere, and t h e  g lobe  are p resen ted  for 
each month ana lyzed ,  and g l o b a l  d i s t r i b u t i o n s  are p resen ted  f o r  typical months. 
Emitted f l u x  d e n s i t i e s  are g e n e r a l l y  lower and a lbedos  h igher  than those  of pre-  
v i o u s  s t u d i e s .  This  may be due,  i n  pa r t ,  to t h e  f a c t  t h a t  t h e  ESSA 7 s a t e l l i t e  
w a s  i n  a 3-p.m. Sun-synchronous o r b i t  and some of  t h e  comparison da ta  were 
ob ta ined  from sa te l l i t es  i n  12-noon Sun-synchronous o r b i t s .  ESSA 7 d e t e c t o r s  
seem to smooth o u t  s p a t i a l  f l u x  d e n s i t y  v a r i a t i o n s  more than  scanning radiome- 
t e r s  or wide-field-of-view f ixed -p la t e  d e t e c t o r s .  S i g n i f i c a n t  l o n g i t u d i n a l  and 
l a t i t u d i n a l  v a r i a t i o n s  o f  emi t t ed  f l u x  d e n s i t y  and a lbedo  were i d e n t i f i e d  i n  t h e  
tropics i n  a zone ex tending  about  +25O i n  l a t i t u d e .  
INTRODUCTION 
So la r  energy p l a y s  t h e  dominant role i n  gene ra t ing  t h e  E a r t h ' s  weather and 
climate. Our c a p a b i l i t y  to s tudy t h i s  role t o o k  a g i a n t  s t e p  forward with t h e  
advent  of a r t i f i c i a l  Ea r th  sa te l l i tes ,  since they  provide  e x c e l l e n t  p la t forms  
from which to monitor t h e  amounts of  solar energy which t h e  Ea r th  r e f l e c t s ,  
absorbs ,  and reemits. S t a r t i n g  with Explorer 7 i n  1960, ins t ruments  f o r  measur- 
ing components of t h e  E a r t h ' s  r a d i a t i o n  budget have been flown on about ha l f  t h e  
United States me teo ro log ica l  satell i tes.  Ear th  r a d i a t i o n  budget r e s u l t s  from 
the  f i r s t  gene ra t ion  of t h e s e  me teo ro log ica l  s a t e l l i t e s  (1 960 through 1965) were 
repor t ed  i n  r e f e r e n c e  1 .  
Included i n  the  second gene ra t ion  of  me teo ro log ica l  sa te l l i t es  I which began 
1 i n  1966, w a s  t h e  ESSA series. Radia t ion  measurements made with the  l o w  resolu- 
t i o n  i n f r a r e d  rad iometers  (LRIR) on t h e  ESSA satel l i tes  are an important  s u b s e t  
of t h e  r a d i a t i o n  measurements of t h e  l a t e  1960's .  Desc r ip t ions  of techniques 
f o r  analyzing t h e s e  d a t a  and r e s u l t s  from very l i m i t e d  ana lyses  of  t h e  r a d i a t i o n  
d a t a  from ESSA 3 are g iven  i n  r e f e r e n c e s  2 and 3 ,  b u t  no p rev ious  paper has  
d i r e c t l y  r epor t ed  r e s u l t s  from r a d i a t i o n  ana lyses  o f  t h e  ESSA 7 s a t e l l i t e  da ta .  
One p o s s i b l e  reason  t h a t  t h e  ESSA d a t a  have been l a r g e l y  ignored was a d e t e c t o r  
degrada t ion  problem which w a s  caused by cont inued  exposure to  solar r a d i a t i o n .  
I n  r e f e r e n c e s  2 and 3 ,  t echniques  are desc r ibed  f o r  overcoming t h i s  problem 
;sing i n - f l i g h t  d a t a ,  and an improved technique f o r  f l i g h t  c a l i b r a t i n g  t h e  detec-  
tors  w a s  r epor t ed  i n  r e f e r e n c e  4.  The new technique  r e q u i r e s  n e i t h e r  t h e  assump- 
t i o n s  concerning t h e  behavior  o f  emi t t ed  flux d e n s i t y  a t  s p a c e c r a f t  i n g r e s s i o n  
and e g r e s s i o n  t h a t  are r e q u i r e d  by t h e  techniques  of r e f e r e n c e s  2 and 3 nor t h e  
assumptions r e l a t i v e  to n e t  f l u x  d e n s i t y  r equ i r ed  i n  r e fe rence  3. 
This  paper describes r e s u l t s  of an a n a l y s i s  
t h e  i n - f l i q h t  c a l i b r a t i o n  technique of r e f e r e n c e  
of ESSA 7 r a d i a t i o n  data using 
4. I r r a d i a n c e s  are computed a t  d 
t h e  sa te l l i t e ,  and f l u x  d e n s i t i e s  and albedos are determined f o r  t h e  top-of  t h e  
E a r t h ' s  atmosphere. Flux d e n s i t i e s  and albedos are p resen ted  for each month of 
data analyzed,  and g l o b a l  d i s t r i b u t i o n s  of t h e s e  parameters are shown f o r  typi- , 
tal months. ESSA 7 resul ts  are discussed re la t ive to results from s e v e r a l  pre- 
v ious  r a d i a t i o n  budget ana lyses ,  and some r e s u l t s  are compared d i r e c t l y  to o t h e r  
r e s u l t s  . 1 
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SYMBOLS 
albedo,  ratio of r e f l e c t e d  to i n c i d e n t  solar f l u x  d e n s i t y  
a r e a  of i t h  1O0-lati tude zone, m2 
de tec tor hou s i n g  cons t an t  
i r r a d i a n c e ,  W/m2 
geometric shape f a c t o r  
solar f l u x  d e n s i t y  a t  mean d i s t a n c e  from Ear th  to Sun, W/m2 
measurement (satel l i te)  a l t i t u d e ,  km 
r e fe rence  a l t i t u d e  ( t o p  of  a tmosphere) ,  30 km 
thermal mass c o e f f i c i e n t  of detector , J / m 2 - K  
distance from Ear th  to Sun, normalized by mean d i s t a n c e  
r a d i a n t  f l u x  d e n s i t y  or ex i t ance ,  W/m2 
r a d i u s  of Ea r th ,  6371 km 
temperature ,  K 
absorptance of detector 
de tec to r  response f a c t o r  
s p h e r i c a l  coord ina te  def ined  i n  f i g u r e  18 
angle  between s p a c e c r a f t  sp in  a x i s  and Sun, deg 
emi t tance  of detector 
s p h e r i c a l  coord ina te  def ined  i n  f i g u r e  18 
2 
nmax u n r e s t r i c t e d  view a n g l e  of Ea r th  horizon from d e t e c t o r  
8 l a t i t u d e  
x long it ude 
5 angle  incoming r ay  makes  wi th  normal to d e t e c t o r  s u r f a c e  
(5 Stefan-Boltzmann c o n s t a n t ,  5.66361 x 10-8 W/m2*K4 
4 Sun z e n i t h  angle  a t  s u b s a t e l l - i t e  p o i n t ,  deg 
dw s o l i d  ang le  a t  d e t e c t o r  subtended by increment of area 
Subsc r ip t s :  
A ascen t  
av average 
b black- coa t ed 
D descent  
d d e t e c t  or 
e Ea r th  emi t t ed ,  longwave 
G globe or e n t i r e  Ea r th  s u r f a c e  
h d e t e c t o r  housing 
n n e t  
r Ea r th  r e f l e c t e d ,  shortwave 
S d i r  ec t so lar  
* W wh i te-coated 
Other no ta t ions :  
cos* ($ f u n c t i o n  (de f ined  i n  f i g .  5) for computing a lbedo  
r. 
B a r  over q u a n t i t y  denotes  monthly average. 
D o t  over q u a n t i t y  denotes  d e r i v a t i o n  wi th  r e s p e c t  to t i m e .  
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SATELLITE ORBIT AND DATA SET CHARACTERISTICS 
O r b i t  
The ESSA 7 meteorological sa te l l i t e  w a s  launched by NASA on August 16,  1968. 
The orb i t  w a s  Sun synchronous and n e a r l y  c i r c u l a r  wi th  an average a l t i t u d e  of 
1450 km, a period of 114.7 min, and an i n c l i n a t i o n  of 102O. 
3 p.m. The average local t i m e  is shown i n  f i g u r e  1 as a f u n c t i o n  of s a t e l l i t e  
l a t i t u d e .  Measurements were made every 30 sec, or about  every 1.6O of E a r t h  
c e n t r a l  angle .  A t  an a l t i t u d e  of 1450 km, t h e  s p a c e c r a f t  is i n  d i r e c t  s u n l i g h t  * 
a t  s u b s a t e l l i t e - p o i n t  Sun z e n i t h  a n g l e s  up to  about  123O, whereas t h e  te rmina tor  
a t  t h e  E a r t h ' s  s u r f a c e  o c c u r s  a t  a Sun z e n i t h  a n g l e  of  90°. I n g r e s s i o n  and 
e g r e s s i o n  as used h e r e i n  w i l l  r e f e r  to  t h e  spacecraft's e n t r y  i n t o  and e x i t  from 
d i r e c t  s u n l i g h t .  This  always occurs  on t h e  d e s c e n t  p o r t i o n  of  t h e  o r b i t  so t h a t  
during a s c e n t  t h e  s p a c e c r a f t  is cont inuous ly  exposed to  d i r e c t  solar r a d i a t i o n .  
The sa te l l i t e  
c r o s s e d  t h e  equator  dur ing  a s c e n t  (going northward) a t  a mean local t i m e  o f  4 
D a t a  C o l l e c t i o n  
Measurements were made almost cont inuous ly  from August 16, 1968, to  
Ju ly  19, 1969. The d a t a  set obta ined  from t h e  Environmental  Data S e r v i c e  
of t h e  Nat iona l  Oceanic and Atmospheric Adminis t ra t ion  (NDAA) covered t h e  
p e r i o d  from Sept .  1 ,  1968, to  May 31, 1969. Data for t h e  second t w o  w e e k s  
of December were missing from t h i s  se t ,  and sampling f o r  t he  f i r s t  two w e e k s  
of December was n o t  as complete as f o r  t h e  o t h e r  months. Due to anomalies 
i n  t h e  d a t a  of March, Apr i l ,  and May, 1969, r e s u l t s  repor ted  here in  are f o r  
t h e  per iod  September 1968 through February 1969 only .  
Because t h e  o r b i t  is Sun synchronous, t h e  local, or Sun t i m e ,  a t  which t h e  
spacecraft crosses a g iven  l a t i t u d e ,  on ascent or d e s c e n t ,  is e s s e n t i a l l y  con- 
s t a n t .  T h i s  means t h a t  t h e  average e m i t t e d  f l u x  d e n s i t y  a t  a given l a t i t u d e  is  
based on measurements made a t  o n l y  two local  times (one on ascent, one on 
d e s c e n t ) .  Average r e f l e c t e d  f l u x  d e n s i t i e s  and a lbedo  a t  t h e  same l a t i t u d e s  
are based on ascent measurements, on ly ,  and t h u s  i n c l u d e  measurements a t  o n l y  
one local t i m e .  I n  r e f e r e n c e s  1 and 5, v a r i a t i o n s  i n  e m i t t e d  f l u x  d e n s i t i e s  
w i t h  local  t i m e  were found. A s i g n i f i c a n t  effect  on a lbedo  due t o  local  t i m e  
w a s  also found i n  reference 1 .  Many of t h e  o t h e r  r e s u l t s  d i s c u s s e d  i n  t h i s  
paper are based on d a t a  sets o b t a i n e d  wi th  Sun-synchronous orbi ts .  The d a t a  
of r e f e r e n c e  6 were o b t a i n e d  wi th  a 3-p.m. o rb i t ,  t h o s e  of r e f e r e n c e  7 were 
o b t a i n e d  i n  a 12-noon orb i t ,  and some of t h e  d a t a  of r e f e r e n c e s  1 and 8 were 
o b t a i n e d  wi th  s a t e l l i t e s  having v a r i o u s  Sun-synchronous o r b i t s .  
Data E d i t i n g  
* 
Four d i f f e r e n t  d a t a  e d i t i n g  schemes were used to  e l i m i n a t e  bad or u n c e r t a i n  
d a t a .  The f i r s t  scheme, descr ibed  i n  r e f e r e n c e  4 ,  e l imina ted  p o i n t s  when t h e  
measurements were obvious ly  i n c o n s i s t e n t  wi th  t h e  o r b i t  ephemer is or when t h e r e  
were i n c o n s i s t e n c i e s  i n  t h e  ephemeris i tself .  For i n s t a n c e  , measurements might 
i n d i c a t e  t h a t  t h e  s p a c e c r a f t  w a s  i n  d i r e c t  s u n l i g h t  while  t h e  ephemeris showed 
t h e  spacecraft w a s  i n  darkness ,  or t h e  spacecraft pos i t i on  would be incons is -  
t e n t  w i th  t h e  Sun z e n i t h  angle .  
The second e d i t i n g  scheme d e a l t  wi th  d a t a  i n  t h e  t r a n s i t i o n  reg ions  where 
r a p i d  hea t ing  and coo l ing  of t h e  d e t e c t o r s  a t  i ng res s ion  and eg res s ion  produced 
u n c e r t a i n t i e s  i n  t h e  measurements. Data i n  t h e s e  r eg ions  were r e j e c t e d  when 
t h e  Sun z e n i t h  ang le s  were i n  t h e  range from 123O to 127O. 
were always on t h e  descen t  po r t ion  o f  t h e  o r b i t ,  and f o r  t h e  a f f e c t e d  zones, 
t h e  d i s t r i b u t i o n s  may not  be cen te red  i n  t h e  zone. 
The zones a f f e c t e d  
b 
I n  t h e  t h i r d  e d i t i n g  scheme, d a t a  were e l imina ted  when t h e  computed e m i t -  
t ed  i r r a d i a n c e  w a s  found to l ie  o u t s i d e  a given envelope. For each l a t i t u d e  
zone, an envelope was g iven  which w a s  based on a computed va lue  of t h e  es t i -  
mated mean and v a r i a t i o n s  about  t h e  mean. This  scheme t a k e s  i n t o  account t h e  
s i g n i f i c a n t  pole-to-equator g r a d i e n t  i n  t h e  mean emit ted f l u x  d e n s i t y  as w e l l  
as changes i n  t h e  v a r i a t i o n  about  t h e  mean from zone to zone. 
The f o u r t h  e d i t i n g  scheme e l imina ted  d a t a  when t h e  magnitude of the  com- 
puted i r r a d i a n c e  changed more than a s p e c i f i e d  amount i n  a s p e c i f i e d  t i m e .  
This  scheme can reject  spur ious  d a t a  sp ikes  where t h e  magnitude of t h e  i r r a d i -  
ance could be wi th in  t h e  envelope s p e c i f i e d  i n  t h e  t h i r d  e d i t i n g  scheme. 
S p a t i a l  Sampling 
S p a t i a l  sampling, both i n  number of measurements and i n  d i s t r i b u t i o n ,  is 
be l i eved  to  be adequate  f o r  each of t h e  six-month periods analyzed.  Contours 
showing t h e  s p a t i a l  d i s t r i b u t i o n  o f  t h e  e d i t e d  sample f o r  October 1968 (which 
is t y p i c a l )  a r e  p re sen ted  i n  f i g u r e  2 f o r  both t h e  a s c e n t  and descen t  p o r t i o n s  
of t h e  o r b i t .  These con tour s  are based on t h e  number of samples i n  reg ions  of 
l o o  l a t i t u d e  by loo l ong i tude .  The d i s t r i b u t i o n  is seen to be q u i t e  uniform 
dur ing  a scen t .  The less  uniform d i s t r i b u t i o n  dur ing  descent  is due mainly to 
t h e  e l i m i n a t i o n  of  d a t a  a t  s p a c e c r a f t  i ng res s ion  and eg res s ion .  
DESCRIPTION OF DETECTORS AND MEASUREIWNTS 
ESSA 7 was a s p i n - s t a b i l i z e d  sa te l l i t e  with its s p i n  a x i s  normal to  t h e  
9 
o r b i t  p lane .  Each d e t e c t o r  c o n s i s t e d  of  a p a i r  of f l a t - p l a t e ,  bolometer-type 
radiometers wired i n  e l ec t r i ca l  ser ies  and mounted oppos i t e  each other on t h e  
outer  c i rcumference  of t h e  s p a c e c r a f t .  The temperatures  o f  t h e  d e t e c t o r s  Td 
and of t h e  housings which suppor t  t h e  d e t e c t o r s  Th are t h e  b a s i c  measured 
s i g n a l s .  A more complete d i s c u s s i o n  of  t h e  ESSA 7 d e t e c t o r s  can be found i n  
r e f e r e n c e s  2 and 4. Each radiometer  a l t e r n a t e l y  views t h e  Ea r th  and space,  
and the  i n t e g r a t e d  s i g n a l  from t h e  two rad iometers  is t r e a t e d  as an average 
measurement over t h e  r o t a t i o n  pe r iod  of about  6.5 sec. The ins t rument  system 
was made up of  two d e t e c t o r s .  Each d e t e c t o r  has d i f f e r e n t  s u r f a c e  p rope r ty  
( c a l l e d  white  or black)  to d i s c r i m i n a t e  longwave- and shor twave-rad ia t ion  com- 
ponents .  Each d e t e c t o r  is i n  r a d i a t i o n  equi l ibr ium.  That  is, 
where 
given by: 
Ed, t h e  i r r a d i a n c e  absorbed by t h e  d e t e c t o r  from e x t e r n a l  sources, is 
and 
a t u r e s  of the  d e t e c t o r  and i t s  housing, by t h e  equa t ion  
Hd, t he  e x i t a n c e  a t  t h e  d e t e c t o r ,  is c a l c u l a t e d ,  u s ing  t h e  measured temper- 
8 
The equat ion  f o r  t h e  i r r a d i a n c e  absorbed by t h e  d e t e c t o r  (eq. ( 2 ) )  can be s i m -  
p l i f i e d  i n  t w o  ways. 
F i r s t ,  a d e t e c t o r ' s  response to  E a r t h - r e f l e c t e d  r a d i a t i o n  and to d i r e c t  
solar r a d i a t i o n  w i l l  be t h e  same s i n c e  t h e s e  t w o  r a d i a t i o n  sources have essen- 
t i a l l y  t h e  same s p e c t r a l  c h a r a c t e r i s t i c s .  That is, 
Second, we w i l l  assume t h a t  we can independent ly  compute a value f o r  t h e  
d i r e c t  solar i r r a d i a n c e  E,. Now i f  w e  l e t  Md,w be t h e  c a l c u l a t e d  va lue  of 
r a d i a n t  e x i t a n c e  f o r  t h e  white-coated d e t e c t o r  (eq. ( 3 ) )  and i f  we make u s e  of 
t h e  equ i l ib r ium r e l a t i o n s h i p  (eq. (1 )  1 ,  w e  have 
S i m i l a r l y  f o r  t he  black-coated d e t e c t o r ,  w e  have 
Equat ions (4a) and (4b) can be solved s imul taneous ly  f o r  t he  Earth-emit ted 
and Ea r th - r e f l ec t ed  components of i r r a d i a n c e ,  E, and E,. 
6 
The s e c t i o n  which f o l l o w s  d e s c r i b e s  haw t h e  d e t e c t o r  c h a r a c t e r  ist ics 
required to  compute emitted and r e f l e c t e d  i r r a d i a n c e s  a t  t h e  s a t e l l i t e  were 
determined by e q u a t i o n s  (sa) and (5b ) .  
DETECTOR CHARACTERISTICS 
C o e f f i c i e n t s  Required f o r  Computations of  Detector Exi tance 
Values f o r  t h e  d e t e c t o r  housing c o n s t a n t s  C r e q u i r e d  to c a l c u l a t e  t h e  
d e t e c t o r  e x i t a n c e  by e q u a t i o n  ( 3 )  were determined i n  p r e f l i g h t  l a b o r a t o r y  cali-  
b r a t i o n  tests.  
v e r s i o n  of  t h e  detector, is d e s c r i b e d  i n  r e f e r e n c e  4 .  The r e s u l t a n t  d e t e c t o r  
housing c o n s t a n t s  were found to  be 
The c a l i b r a t i o n  procedure,  which c o n s i s t e d  of t e s t i n g  a f l i g h t  
Cw . . . . . 0.075 
The d e t e c t o r  thermal  mass c o e f f i c i e n t s  K' were calculated us ing  f l i g h t  
data obta ined  dur ing  s p a c e c r a f t  i n g r e s s i o n  and e g r e s s i o n .  The c a l c u l a t i o n s  are 
d e s c r i b e d  i n  r e f e r e n c e  4 ,  and t h e  r e s u l t i n g  thermal  mass c o e f f i c i e n t s  a r e  p l o t -  
t e d  i n  f i g u r e  3 as a f u n c t i o n  of  d e t e c t o r  temperature .  Exi tance  due to  changes 
i n  d e t e c t o r  temperature  ( thermal  mass term i n  eq. ( 3 ) )  was small ou t s ide  t h e  
r e g i o n s  of i n g r e s s i o n  and e g r e s s i o n  because temperature  changes were gradual .  
Abrupt temperature  changes i n s i d e  these r e g i o n s ,  however, r e s u l t e d  i n  s h a r p  
changes i n  e x i t a n c e ,  and some measurements had t o  be r e j e c t e d .  
Detector Response to Longwave R a d i a t i o n  
Determinat ion of absorp tance  and emi t tance  of  t h e  t w o  (b l ack  and whi te )  
d e t e c t o r s  for emitted r a d i a t i o n  w a s  made f o r  s e v e r a l  temperatures  and inc luded  
spectral  absorp tance  data f o r  t h e  t w o  d e t e c t o r  c o a t i n g s .  The spectral  absorp- 
tance  curves  and t h e  v a l u e s  of absorp tance  and emi t tance  as f u n c t i o n s  of  t e m -  
perature are g iven  i n  r e f e r e n c e  4. One va lue  of  longwave absorp tance  w a s  
s e l e c t e d  for each detector. Each va lue  corresponded to t h e  temperature  when 
t h e  E a r t h  w a s  assumed to  be an e q u i v a l e n t  blackbody emitter. Two va lues  of 
longwave e m i t t a n c e  were selected for each d e t e c t o r .  These corresponded to t h e  
d e t e c t o r ' s  response when i n  and o u t  of d i r e c t  solar r a d i a t i o n .  The t a b l e  on 
t h e  fo l lowing  page g i v e s  t h e  v a l u e s  of detector absorp tance  a, and t h e  t w o  
corresponding v a l u e s  of  t h e  d e t e c t o r  response factor f o r  each of  t h e  
two d e t e c t o r s .  The process for determining t h e  i n g r e s s i o n  and e g r e s s i o n  p o i n t s  
i n  t h e  o rb i t ,  which i n d i c a t e  when to make  t h e  changeover i n  d e t e c t o r  response 
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factors, is d e s c r i b e d  i n  r e f e r e n c e  4. The s e l e c t i o n  was based on t h e  Sun z e n i t h  
a n g l e  a t  the s u b s a t e l l i t e  po in t .  The temperature  change of t h e  detectors w a s  
used as a backup i n d i c a t o r .  
I--------- 
Detector 
Whi te-coa t e d  
Black-coa t e d  
When t h e  s p a c e c r a f t  
- .. 
0.80 
.94 
is n o t  i n  d i r e c t  s u n l i g h t ,  t h e  l a s t  t w o  terms of equa- 
t i o n s  (4a) and (4b) are z e r o  because o n l y  Earth-emit ted r a d i a t i o n  is being mea- 
sured.  For t h i s  c o n d i t i o n ,  t h e  ra t io  of t h e  e x i t a n c e s  i n  e q u a t i o n s  (4a) and (4b) 
should g i v e  t h e  ratios of  t h e  d e t e c t o r ' s  longwave response factors. When ra t ios  
of t h e  computed e x i t a n c e s  were p l o t t e d  f o r  t h e  no-d i rec t - sunl ight  c o n d i t i o n ,  t h e  
v a l u e s  were found to  be n e a r l y  c o n s t a n t  and equa l  to  t h e  ra t ios  as determined 
from t h e  s e l e c t e d  v a l u e s  of This  g i v e s  conf idence  i n  t h e  technique  f o r  
s e l e c t i n g  v a l u e s  of  longwave absorptance and emi t tance .  
(a/&)e. 
Detector Response to  Shortwave Radia t ion  
Based on f l i g h t  test (refs.  2 and 9 ) ,  t h e  type  o f  c o a t i n g s  used on t h e  
ESSA 7 detectors has  a h i s t o r y  o f  degrading. Ground tests a t  NASA Langley 
Research Center have shown t h e  degrada t ion  w a s  p r i m a r i l y  a r e s u l t  of exposure 
to  u l t r a v i o l e t  r a d i a t i o n .  T h i s  degrada t ion  produces changes i n  t h e  response 
of t h e  detectors to  shortwave r a d i a t i o n ,  and t h e  white  c o a t i n g s  were found to  
be much more v u l n e r a b l e  to  degrada t ion  than  t h e  b lack  c o a t i n g s .  
I n  t h e  c u r r e n t  a n a l y s i s ,  t h e  Sun is used as a c a l i b r a t i o n  source to  d e t e r -  
mine v a l u e s  of  t h e  shortwave-detector response f a c t o r s .  J u s t  b e f o r e  t h e  space- 
c r a f t  e x i t s  from d i r e c t  s u n l i g h t  ( e g r e s s i o n )  , a detector measures longwave 
and d i r e c t  solar r a d i a t i o n .  Af te r  e n t r y  i n t o  t o t a l  darkness ,  t h e  d e t e c t o r  
measures longwave r a d i a t i o n  only. If it is assumed t h a t  longwave r a d i a t i o n  
is c o n s t a n t  for t h e s e  t w o  c o n d i t i o n s ,  t h e  d i f f e r e n c e  i n  computed e x i t a n c e s  
f o r  t h e  white  d e t e c t o r  (us ing  eq. ( 4 a ) )  is 
and s i m i l a r l y  f o r  t h e  b lack  d e t e c t o r  
8 
The procedure can  also be followed a t  i n g r e s s i o n ,  and thus ,  values of  
(a /&)  r ,w and ( a / & ) r , b  can be  i n f e r r e d  f o r  t h e  d e t e c t o r s  t w i c e  dur ing  each 
o r b i t .  A modified v e r s i o n  of t h e  preceding  method w a s  developed ( r e f .  4 )  which 
does no t  r e q u i r e  t h e  assumption t h a t  t h e  longwave r a d i a t i o n  remains c o n s t a n t  
f o r  t h e  pe r iod  of  t h e  c a l c u l a t i o n .  The values of determined by t h i s  
method f o r  t h e  t w o  d e t e c t o r s  are shown i n  f i g u r e  4. Values f o r  t h e  white- 
coa ted  d e t e c t o r s  are seen  to v a r y  about  25 p e r c e n t  over t h e  d a t a  pe r iod ,  whereas 
va lues  f o r  t h e  black-coated d e t e c t o r  vary  much less. These changes , a l though 
q u i t e  s i g n i f i c a n t ,  are much smaller than  those  r e p o r t e d  i n  r e f e r e n c e  6 f o r  
t h e  ITOS 1 in s t rumen t  which changed its response by about  40 p e r c e n t  i n  a 
two-month per iod .  
F 
COMPUTATIONS 
I r r ad i ances  
V a l u e s  of e m i t t e d  and r e f l e c t e d  i r r a d i a n c e s  a t  t h e  sa te l l i t e  were computed 
by equa t ions  (5a )  and (5b) f o r  each measurement i n  t h e  e d i t e d  d a t a  set. V a l u e s  
of solar i r r a d i a n c e  E, r e q u i r e d  i n  equa t ion  (5b) were computed by 
s i n  Y 
E, = Hs(:)2E) -
s *  
The va lue  of  t h e  mean solar f l u x  d e n s i t y  Hs is 1353 W/m2. Values of Hs 
used i n  p rev ious  s t u d i e s  have ranged from 1353 W/m2 ( r e f .  6 )  to 1395 W/m2 
( r e f .  1 ) .  A f a i r l y  r e c e n t  experiment,  r e f e r e n c e  10 ,  e s t ima ted  a va lue  f o r  Hs 
o f  1367 W/m2. 
The geometr ic  shape f a c t o r  s i n  y/T relates t h e  component of solar i r r a d i -  
ance measured by t h e  d e t e c t o r  to  t h e  incoming solar f l u x  d e n s i t y .  A d e r i v a t i o n  
of t h i s  shape f a c t o r  is g iven  i n  t h e  appendix. The va lue  of y v a r i e d  between 
42O and 48O dur ing  t h e  d a t a  p e r i o d ,  and t h e r e  w a s  a cor responding  change i n  
t h e  la t i tude- loca l -hour  r e l a t i o n s h i p .  These v a r i a t i o n s  r e f l e c t  t h e  d e p a r t u r e  
from a t r u l y  Sun-synchronous o r b i t  and t h e  s e a s o n a l  v a r i a t i o n  i n  t h e  Sun ' s  
d e c l i n a t i o n .  
Flux Dens it i es 
I r r a d i a n c e s  a t  t h e  sa te l l i t e  were reduced t o  f l u x  d e n s i t i e s  a t  an a l t i t u d e  
of  30 km (top o f  t h e  atmosphere) above t h e  E a r t h  (assumed r a d i u s  = 6371 km) by 
t h e  r e l a t i o n s h i p s  
M e  = Ee/F 
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where F is t h e  geanetric shape f a c t o r .  Values f o r  t h e  geometric shape f a c t o r  Y 
4 were c a l c u l a t e d  from t h e  f u n c t i o n  de r ived  i n  t h e  appendix. I t  was assumed i n  
t h e  d e r i v a t i o n  t h a t  t h e  E a r t h ' s  r ad iance  f i e l d  was Lambertian. It  was shown I 
i n  r e f e r e n c e s  1 1  and 1 2  t h a t  t h i s  assumption is v a l i d  f o r  e s t i m a t i n g  emi t ted  
f l u x  d e n s i t i e s .  Re f l ec t ed  r a d i a t i o n  is g e n e r a l l y  n o t  d i f f u s e  a t  Sun z e n i t h  
ang le s  g r e a t e r  than  abou t  30°. 
f l u x  d e n s i t i e s  have been made us ing  t h e  d i f f u s e  assumption. The c a l c u l a t e d  
and v a r i e d  about  22 p e r c e n t  w i th  o r b i t  a l t i tude .  These va lues  were found to be I 
(i and 14. 
i 
I 
However, most p r e v i o u s  estimates of r e f l e c t e d  
va lue  o f  t h e  shape f a c t o r  w a s  0.2433 a t  a mean sa te l l i t e  a l t i t u d e  o f  1450 km I 
i n  very close agreement wi th  va lues  ob ta ined  us ing  t h e  methods of r e f e r e n c e s  13 I 
j 
1 
Average V a l u e s  of Flux Dens i ty  and Albedo 
Monthly averages  of emitted f l u x  d e n s i t y  were de r ived  from va lues  obta ined  
from equa t ion  (6a )  f o r  1O0-lati tude zones and f o r  10°-latitude-by-lOO-longitude 
r eg ions  f o r  both t h e  a s c e n t  and descen t  p o r t i o n s  of  t h e  o r b i t .  The average 
local t i m e s  cor responding  to these averages  of emit ted f l u x  d e n s i t i e s  can be 
ob ta ined  from f i g u r e  7 .  For example, t h e  average local times f o r  a s c e n t  and 
descen t  i n  t h e  Oo to loo zone are approximately 3 p.m. and 3 a.m.  
averages  of zona l  and r e g i o n a l  emitted f l u x  d e n s i t i e s  based on t h e  combined 
data set were o b t a i n e d  by 
Monthly 
Th i s  averaging  method precluded b i a s i n g  the  monthly averages  f o r  t h e  combined 
data set due to  unequal sampling between a s c e n t  and descent .  
Monthly averages  of zona l  and r e g i o n a l  albedos were computed by 
- ( M r  av 
A =  
Hs (l/R) cos* $ 
where ( M r ) a v  is t h e  f l u x  d e n s i t y  i n  t h e  zone or r eg ion  ob ta ined  by averaging  
t h e  r e f l e c t e d  f l u x  d e n s i t i e s  of equa t ion  ( 6 b ) .  The denominator is t h e  average 
i n c i d e n t  solar f l u x  d e n s i t y  cor responding  to  t h e  measurements. It  r e p r e s e n t s  
t h e  average reflected f l u x  d e n s i t y  t h a t  would be measured for an a lbedo  of 
u n i t y .  This  i n c i d e n t  solar f l u x  d e n s i t y  d i f f e r s  from t h a t  which would have 
been ob ta ined  us ing  cos 6 because t h e  Sun z e n i t h  v a r i e s  over t h e  detector 
f i e l d  of view. The d i f f e r e n c e  is g r e a t e s t  a t  Sun z e n i t h  a n g l e s  near 90°, as 
can be seen i n  f i g u r e  5. This  is because a l a r g e  p o r t i o n  of  t h e  detector 
f i e l d  of view is n o t  i l l u m i n a t e d  by t h e  Sun. Average albedos were n o t  
reported when t h e  average z e n i t h  ang le  w a s  g r e a t e r  than  90°. 
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Monthly averages  of zona l  and r e g i o n a l  r e f l e c t e d  f l u x  d e n s i t i e s  were 
computed by 
where A is o b t a i n e d  - from equa t ion  ( 8 ) .  The monthly average of  t h e  i n c i d e n t  
solar f l u x  d e n s i t y  M, f o r  t h e  zone or reg ion  is obta ined  by i n t e g r a t i n g  
i n c i d e n t  solar f l u x  d e n s i t y  over t h e  e n t i r e  zone or reg ion .  
Monthly averages  of z o n a l  and r e g i o n a l  n e t  f l u x  d e n s i t y  were computed by 
Monthly averages of hemispher ica l  and g l o b a l  e m i t t e d ,  r e f l e c t e d ,  and n e t  f l u x  
d e n s i t i e s  were ob ta ined  by area weighting t h e  monthly averages on zonal  scales. 
For example, t h e  monthly average of g l o b a l  emi t t ed  f l u x  d e n s i t y  is 
18 
L/ 
i = l  
Monthly averages of hemisphe r i ca l  or g l o b a l  albedo are t h e  r a t i o s  of t h e  monthly 
averages of r e f l e c t e d  f l u x  to t h e  monthly averages of  i n c i d e n t  solar f l u x .  For 
i n s t a n c e ,  a monthly average of g l o b a l  a lbedo  is 
18 
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Three-month averages  of hemispher ica l  and g l o b a l  f l u x  d e n s i t i e s  are obta ined  
by tak ing  t h e  average of  t h e  t h r e e  separate monthly averages.  The three-month 
average of hemispher ica l  or g l o b a l  a lbedo  is t h e  ratio o f  t h e  three-month 
average of r e f l e c t e d  f l u x  to t h e  three-month average o f  i n c i d e n t  solar f lux .  
This  aver-aging technique p reven t s  b i a s i n g  t h e  three-month averages  toward 
months wi th  l a r g e r  d a t a  sets. 
RESULTS AND D I  SCUSS ION 
Global  and Hemispherical  Averages 
ESSA 7.- Monthly and seasona l  averages o f  hemisphe r i ca l  and g l o b a l  f l u x  
d e n s i t i e s  and a lbedo  are g iven  i n  t a b l e  I f o r  t h e  ESSA 7 d a t a  per iod .  Global  
emi t t ed  f l u x  d e n s i t i e s  have a maximum and a minimum i n  October and January ,  
r e s p e c t i v e l y ,  w i th  corresponding v a r i a t i o n s  from t h e  six-month average of  a b o u t  
+2 percent .  Month-to-month changes i n  g l o b a l  emitted f l u x  d e n s i t y  dur ing  t h e  
win ter  months are due almost e n t i r e l y  to changes i n  emit ted f l u x  d e n s i t y  i n  t h e  
Northern Hemisphere. Global  a lbedo  has a maximum, which occurs i n  November. 
The maximum v a r i a t i o n  from t h e  average g l o b a l  a lbedo  w a s  less than  4 p e r c e n t  
dur ing  t h e  data per iod .  This  v a r i a t i o n  is due to  changes i n  t h e  a lbedo  of the  
Southern Hemisphere. Averages of hemispher ica l  n e t  f l u x  d e n s i t y  are dominated 
by hemispher ica l  solar f l u x  dens i ty .  For i n s t a n c e ,  a lbedo  i n  the  Northern 
Hemisphere has only  a s l i g h t  v a r i a t i o n  dur ing  t h e  f a l l  months, and emi t ted  f l u x  
d e n s i t i e s  vary  on ly  about  4 W/m2 for t h e  t h r e e  months. 
eve r ,  changes from 21 W/m2 i n  September t o  -57 W/m2 i n  November due to  t h e  sea- 
s o n a l  decrease  i n  hemispher ica l  solar f l u x  dens i ty .  
N e t  f l u x  d e n s i t y ,  how- 
Comparisons wi th  o the r  r e s u l t s . -  P re sen ted  i n  t a b l e  I1 are seasona l  aver- 
ages  of g l o b a l  f l u x  d e n s i t i e s  and a lbedos  from ESSA 7 and t h r e e  o t h e r  sources 
( r e f s .  1 , 8, and 1 5 ) .  Some g l o b a l  results from r e f e r e n c e s  6 and 7 are also 
shown f o r  comparison wi th  a p p r o p r i a t e  ESSA 7 r e s u l t s  from t a b l e  I. Seasonal  
averages of t h e  g l o b a l  emi t t ed  f l u x  d e n s i t y  from t h e  r e f e r e n c e  sources  are seen  
to be from 0 to 4 percen t  higher  than  those  of  ESSA 7, and t h e r e  is up to  3 per- 
cen t  d i f f e r e n c e  between averages wi th in  t h e  t h r e e  comparison sources. Combined 
averages  f o r  t he  t w o  seasons  are 225.5 W/m2 f o r  ESSA 7 and 231 .8 W/m2 f o r  t h e  
r e fe rence  sources. The corresponding blackbody tempera tures  are 251.1 K f o r  
ESSA 7 and 252.9 K f o r  t h e  r e fe rences .  The lower va lues  obta ined  wi th  ESSA 7 
d a t a  are not  s u r p r i s i n g  because r e f e r e n c e s  1 and 5 i n d i c a t e  t h a t  a Sun- 
synchronous o r b i t  wi th  a 3-p.m. equator  c r o s s i n g  should  r e s u l t  i n  r e l a t i v e l y  
low values  of emi t t ed  f l u x  dens i ty .  Emitted f l u x  d e n s i t y  d a t a  of  N i m b u s  3 
( r e f .  7)  , which was i n  a 12-noon Sun-synchronous o r b i t ,  are higher  than  those  
of ESSA 7 by g r e a t e r  d i f f e r e n c e s  than  those  between ESSA 7 and t h e  o t h e r  t h r e e  
r e f e r e n c e  sources .  The o r b i t  of  t h e  NOAA 1 s a t e l l i t e  ( r e f .  6 )  w a s  n e a r l y  
i d e n t i c a l  to t h a t  of ESSA 7, but  t h e  g l o b a l  average of emi t ted  f l u x  d e n s i t y  
from re fe rence  6 is s u b s t a n t i a l l y  g r e a t e r  than  t h a t  of  ESSA 7 f o r  February.  
(See t a b l e  I.) This  may be due, i n  p a r t ,  to assumptions necessary  to determine 
degrada t ion  i n  t h e  response of  t h e  NOAA 1 radiometers from i n - f l i g h t  da t a .  The 
s a t e l l i t e  w a s  s t a b i l i z e d  i n  t h r e e  axes,  and t h e  d e t e c t o r s  d i d  not  view t h e  Sun 
d i r e c t l y .  This  meant t h a t  t h e  Sun could  no t  be used as an ins t rument  c a l i b r a -  
t i o n  source as w a s  done wi th  ESSA 7. 
P 
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Averages of g l o b a l  a lbedo  from ESSA 7 are seen to be higher  i n  t h e  f a l l  
pe r iod  and lower i n  t h e  win te r  pe r iod  than those  of r e f e r e n c e s  1 , 8 ,  and 15. 
Averages from these  r e f e r e n c e  sources also show an i n c r e a s e  i n  a lbedo from 
f a l l  to winter  whereas ESSA 7 d a t a  show a decrease.  Very l i t t l e  d i f f e r e n c e  
is seen i n  a lbedo  between t h e  t w o  p e r i o d s  shown from r e f e r e n c e  7 ,  and these  
va lues  are both higher  than  t h e  corresponding va lues  f o r  ESSA 7 i n  t a b l e  I. 
R e s u l t s  of  r e fe rence  6 show a lbedo va lues  which are g r e a t e r  than those  of 
a l l  o the r  sources  d i scussed .  Most of  t h e s e  d i f f e r e n c e s  are probably due to  
sampling d i f f e r e n c e s  imposed by t h e  p a r t i c u l a r  o r b i t s ,  t h e  m a j o r i t y  of which 
were Sun synchronous. 
F a l l  averages of g l o b a l  n e t  f l u x  d e n s i t y  are i n  good agreement with those  
of r e f e r e n c e s  8 and 15, bu t  t h e  win ter  averages ag ree  b e t t e r  w i th  r e s u l t s  from 
r e f e r e n c e  1 .  The l a r g e  averages  of  emi t t ed  f l u x  d e n s i t y  and a lbedo  obta ined  i n  
r e fe rence  6 produced a loss i n  n e t  f l u x  d e n s i t y  compared to a ga in  determined 
wi th  ESSA 7 d a t a .  
Averages i n  1O0-Latitude Zones 
Emitted f l u x  dens i ty . -  Monthly averages of zona l  emi t ted  f l u x  d e n s i t y  are 
given i n  f i g u r e  6 .  The l a r g e s t  month-to-month v a r i a t i o n s  i n  emi t ted  f l u x  den- 
s i t y  are seen for t h e  f a l l  months i n  the  Southern Hemisphere, and t h e  smallest 
v a r i a t i o n s  are seen for t h e  win ter  months i n  t h e  Southern Hemisphere. Compar- 
i sons  of October and January  averages fo r  ESSA 7 wi th  t h e  r e s u l t s  of r e fe rence  8 
are given i n  f i g u r e  7. ESSA 7 r e s u l t s  i n d i c a t e  t h a t  l a t i t u d i n a l  v a r i a t i o n s  i n  
t h e  e q u a t o r i a l  zones are n o t  as s h a r p  as those  seen i n  the  r e s u l t s  of r e f e r -  
ence 8, which included some d a t a  from scanning radiometers .  The ESSA 7 de tec-  
tors ,  which are r o t a t i n g  f l a t  p l a t e s ,  g e n e r a l l y  smooth o u t  t h e  s p a t i a l  va r i a -  
t i o n s  i n  flux d e n s i t y  more than scanning rad iometers  or wide-field-of-view 
(WFOV) , f i x e d ,  h o r i z o n t a l  f l a t  p l a t e s .  Averages of r e fe rence  8 a r e  higher  
i n  the  equator ia l  zones f o r  bo th  October and January ,  and agreement is reason- 
a b l y  good a t  l a t i t u d e s  above about 35O. An except ion  is seen f o r  t h e  Southern 
Hemisphere i n  January where r e s u l t s  of  r e fe rence  8 a r e  s i g n i f i c a n t l y  higher  than  
those  of t h e  c u r r e n t  s tudy .  October and January averages  of emi t ted  f l u x  den- 
s i t y  are shown i n  f i g u r e  8 for t h e  a s c e n t  and descen t  p o r t i o n s  of t h e  orb i t .  
These g e n e r a l l y  show t h e  a s c e n t  averages  near t h e  e q u a t o r ,  which are taken near 
3 p.m. local t i m e ,  to  be h igher  than t h e  descen t  averages ,  which are taken a t  
3 a.m.  
Albedo.- Monthly averages  of zonal  a lbedo  are shown i n  f i g u r e  9. Lat i tu -  
d i n a l  v a r i a b i l i t y  i n  t h e  e q u a t o r i a l  r eg ion  is less i n  f a l l  than  i n  win te r ,  and 
t h e  d i f f e r e n c e s  between f a l l  months i n  t h e s e  r eg ions  are very  s m a l l .  Between 
f a l l  months, d i f f e r e n c e s  i n  a lbedo  near t h e  poles i n  both hemispheres fo l low a 
seasona l  p a t t e r n .  That is, as t h e  Sun moves southward from September to Novem- 
ber, t h e r e  is an i n c r e a s e  i n  a lbedo  i n  t h e  Northern Hemisphere and a decrease  
i n  t h e  Southern Hemisphere. 
local a lbedo  a t  high no r the rn  l a t i t u d e s  from December to February produces 
almost no change i n  hemispher ica l  albedo. The o p p o s i t e  can be seen i n  t h e  
Southern Hemisphere. The accuracy of e s t i m a t i n g  a lbedo  from WFOV measurements 
has always been a problem when t h e  Sun is near t h e  hor izon ,  because t h e  f i e l d  
of view of a WFOV d e t e c t o r  i nc ludes  some area which is i l l umina ted  by t h e  Sun 
I n  t a b l e  I ,  note  t h a t  t h e  s i g n i f i c a n t  decrease  i n  
13 
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and some which is i n  darkness .  A parameter e s t i m a t i o n  technique  described i n  
r e f e r e n c e  16 offers some promise of improvement i n  e s t i m a t i n g  reflected f l u x  
d e n s i t i e s  and albedos a t  high z e n i t h  ang le s .  A s  w i t h  emitted f l u x  d e n s i t y ,  d i f -  
f e r e n c e s  i n  a lbedo  between win te r  months near t h e  South Pole  are s m a l l .  Compar- 
i s o n s  of October and Janua ry  averages  of albedo between ESSA 7 and r e s u l t s  of  
r e f e r e n c e  8 are g iven  i n  f i g u r e  10. Agreement, p a r t i c u l a r l y  near t h e  equa to r ,  
is seen  to be ve ry  good. 
* 
N e t  f l u x  density.-  Monthly averages  of zonal  n e t  f l u x  d e n s i t y  are p r e s e n t e d  
i n  f i g u r e  11 .  
v a r i a t i o n s  i n  n e t  f l u x  d e n s i t y  are dominated by solar f l u x  dens i ty .  Maximum val- 
ues  of n e t  f l u x  d e n s i t y  l a g  maximum solar f l u x  d e n s i t y  by a few degrees  of l a t i -  
tude ,  excep t  f o r  September where n e t  and solar f l u x  d e n s i t i e s  are c o i n c i d e n t  i n  
l a t i t u d e .  The accuracy o f  t h e  v a r i a t i o n  near t h e  poles is q u e s t i o n a b l e  due to  
t h e  problem mentioned earlier i n  e s t i m a t i n g  albedo near t h e  poles. A l s o ,  t h e  
poles are n o t  i l l u m i n a t e d  i n  some months. Comparisons of  October and Janua ry  
averages  of  n e t  f l u x  d e n s i t y  between ESSA 7 and r e f e r e n c e  8 are shown i n  f i g -  
u r e  12. Agreement is v e r y  good i n  October and reasonably  good i n  January.  
The g e n e r a l  shape o f  t h e  monthly p r o f i l e s  and t h e  month-to-month 
Global D i s t r i b u t i o n s  
The monthly averages  of  f l u x  d e n s i t i e s  and a lbedo  i n  r eg ions  of  l o o  l a t i -  
tude  by l o o  l o n g i t u d e  were used to g e n e r a t e  g l o b a l  d i s t r i b u t i o n s  (or maps) o f  
r a d i a t i o n  parameters. A c u b i c  s p l i n e  contour  program w a s  used wi th  a s p l i n e  
t e n s i o n  factor of 2.5. The parametric c u b i c  s p l i n e  is genera ted  by computing 
a polygonal contour through t h e  de f ined  g r i d  and then  g e n e r a t i n g  t h e  s p l i n e d  
contour  by us ing  t h e  polygonal  contour l e n g t h  (normalized to  one) as t h e  inde- 
pendent v a r i a b l e .  Contour slopes are matched when a contour closes. ESSA 7 
r e s u l t s  are p resen ted  i n  f i g u r e s  13  t o  15. 
Contour maps of  emitted f l u x  d e n s i t y  and albedo, p resen ted  i n  f i g u r e s  16 
and 17, show comparisons of resul ts  from ESSA 7 (Sept. 1968) wi th  resul ts  from 
Nimbus 6 (Aug. 1975) .  The Nimbus 6 va lues  are p r e v i o u s l y  unpublished resu l t s  
ob ta ined  by t h e  au tho r s .  The data are from t h e  wide-field-of-view detector 
of t h e  E a r t h  r a d i a t i o n  budget (Em) experiment on t h e  Nimbus  6 s a t e l l i t e .  (See 
r e f .  17.) The contour technique  is t h e  same as t h a t  used on t h e  ESSA 7 data. 
Emitted f l u x  dens i ty . -  Global maps o f  emitted f l u x  d e n s i t y  are shown i n  
f i g u r e  13  for October and January.  It  can be seen t h a t  t h e  ESSA 7 detectors 
i d e n t i f i e d  s i g n i f i c a n t  s t r u c t u r e  i n  emitted f l u x  d e n s i t y  i n  a tropical zonal  
band ex tending  about +25O i n  l a t i t u d e .  Long i tud ina l  g r a d i e n t s  i n  t h i s  zonal  
band are, i n  some areas, as g r e a t  as l a t i t u d i n a l  g r a d i e n t s .  For i n s t a n c e ,  t h e r e  
is a s t r o n g  p o s i t i v e  g r a d i e n t  ex tending  westward from a l o w  over wes tern  South 
America to  a high over t h e  Pacific Ocean. The i n f l u e n c e  of  t h e  s t r u c t u r a l  band 
ex tends  northward i n  October to  inc lude  some o f  North America and t h e  Mediterra- 
nean Sea, b u t  t h e  l i m i t  o f  t h e  northward i n f l u e n c e  i n  Janua ry  is below t h e  tro- 
pic of  Cancer. I n  t h i s  band, h ighs  are g e n e r a l l y  cen te red  over oceans and 
1 4  
lms over l and ,  u s u a l l y  c o i n c i d i n g  wi th  minimum and maximum reg ions  of c loudi -  
nes s ,  r e s p e c t i v e l y .  Photographs taken  by Vidicon cameras on t h e  ESSA 7 satel-  
l i t e  show a n e a r l y  c loud- f r ee  r eg ion  i n  October cor responding  to t h e  i n d i c a t e d  
h igh  i n  emi t t ed  f lux  d e n s i t y  cen te red  over sou the rn  Saudi  Arabia,  and t h e  
Janua ry  photographs showed a bu i ldup  of c l o u d i n e s s  i n  t h a t  reg ion .  
Comparisons of e m i t t e d  f l u x  d e n s i t y  are g iven  i n  f i g u r e  16. The s t r u c -  
The s t r u c t u r e  is more d e t a i l e d  f o r  t h e  Nimbus 6 d a t a ,  however. Some of  t h i s  
may be due to  t h e  d i f f e r e n c e s  between September and August, b u t  it is probably  
also due to t h e  h ighe r  r e s o l u t i o n  of  t h e  f l a t - p l a t e  d e t e c t o r  on Nimbus 6. The 
magnitudes of t h e  Nimbus 6 d a t a  are also h igher .  This  may be due t o  t h e  d i f f e r -  
ence i n  local t i m e  when t h e  two sa te l l i t es  cross t h e  equator. The Nimbus 6 
o r b i t  w a s  Sun synchronous wi th  a 12-noon northward e q u a t o r i a l  c ros s ing .  
f t u r e  i n  t h e  zonal  band of i n f l u e n c e  is q u i t e  similar f o r  t h e  t w o  d a t a  sets. 
Albedo.- Global maps of  a lbedo  f o r  October and January  are shown i n  f ig -  
u r e  1 4 .  Comparison of  f i g u r e  1 4  wi th  f i g u r e  13 shows t h a t  areas of  l o w  albedo, 
i n  g e n e r a l ,  correspond to areas of  h igh  emi t t ed  f l u x  d e n s i t y ,  and v i c e  versa. 
T h i s  is more apparent i n  Janua ry  when t h e  l o n g i t u d i n a l  s t r u c t u r e  i n  t h e  t r o p i c s  
is more c l e a r l y  de f ined .  It  is i n t e r e s t i n g  t h a t  t h e  dec rease  i n  emi t t ed  f l u x  
d e n s i t y  from October to Janua ry  over southern  Saudia Arabia  does no t  have a 
cor responding  i n c r e a s e  i n  a lbedo ,  which is as s h a r p  i n  de t a i l .  This  may be due, 
i n  par t ,  to  t h e  s o u t h e r l y  s h i f t  o f  t h e  band of l o n g i t u d i n a l  v a r i a b i l i t y .  O u t -  
side t h i s  band, l a t i t u d i n a l  v a r i a b i l i t y  o v e r r i d e s  
wi th  emi t t ed  f l u x  d e n s i t y ,  t h e  comparison maps of 
i l a r i t i e s  between t h e  September a lbedos  from ESSA 
Nimbus 6.  For i n s t a n c e ,  t h e  h ighs  i n  a lbedo  over 
shape f o r  both d a t a  se ts ,  and t h e  contours  on t h e  
America are n e a r l y  t h e  same f o r  both d a t a  sets.  
l o n g i t u d i n a l  v a r i a b i l i t y .  A s  
f i g u r e  17 show remarkable s i m -  
7 and those  f o r  August from 
A f r i c a  are almost i d e n t i c a l  i n  
east and w e s t  s i d e s  o f  South 
N e t  f l u x  dens i ty . -  Global  maps of n e t  f l u x  d e n s i t y  for October and January  
are p resen ted  i n  f i g u r e  15. The dominant i n f l u e n c e  of solar f l u x  d e n s i t y  on 
t h e  g l o b a l  d i s t r i b u t i o n  of n e t  f l u x  d e n s i t y  can be seen  i n  f i g u r e  15 where t h e  
width of  t h e  zone showing s i g n i f i c a n t  l o n g i t u d i n a l  v a r i a t i o n s  is more narrow 
than  f o r  e i t h e r  emi t t ed  f l u x  or albedo. 
CONCLUDING REMARKS 
The ESSA 7 d a t a  set is an impor tan t  p a r t  of t h e  E a r t h  r a d i a t i o n  measure- 
ments of  t h e  l a t e  1960 's .  For t h e  s i x  months of  d a t a  ana lyzed ,  t h e  t i m e  and 
spa t i a l  coverage w a s  q u i t e  good. R e s u l t s  are enhanced by us ing  t h e  i n - f l i g h t  
c a l i b r a t i o n  technique  developed i n  NASA CR-132623. The va lues  of emi t ted  f l u x  
d e n s i t y  are lower and t h e  va lues  of  a lbedo  are h igher  t han  m o s t  cor responding  
v a l u e s  found i n  p r e v i o u s  r a d i a t i o n  budget s t u d i e s .  This  may be due, i n  par t ,  
to t h e  3-p.m. Sun-synchronous o r b i t  o f  ESSA 7. L a t i t u d i n a l  g r a d i e n t s  dominate 
t h e  spa t i a l  d i s t r i b u t i o n s  of emi t t ed  f l u x  d e n s i t y  and a lbedo  near t h e  poles. 
S i g n i f i c a n t  l o n g i t u d i n a l  g r a d i e n t s ,  however, were i d e n t i f i e d  i n  a tropical zone 
15 
t 
extending  +25O i n  l a t i t u d e .  Highs i n  emit ted f l u x  d e n s i t y  occurred most ly  over 
oceans and lows over l and ,  while  the  opposite w a s  found f o r  albedo. Monthly 
changes i n  zona l  and hemispher ica l  n e t  f l u x  d e n s i t i e s  are dominated by changes 
i n  solar f l u x  d e n s i t y .  
Langley Research Center  
Na t iona l  Aeronaut ics  and Space Adminis t ra t ion  
Hampton, VA 23665 
March 7, 1979 
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APPENDIX 
GEOMETRIC SHAPE FACTORS FOR THE ESSA 7 DETECTORS 
Upwelling Ea r th  Rad ia t ion  
L e t  the  rad iance  be  Lambertian ( d i f f u s e )  everywhere on a s p h e r i c a l  s u r f a c e  
above t h e  Ea r th ,  and l e t  t h e  f l u x  d e n s i t y  M be a f u n c t i o n  of l ong i tude  
and l a t i t u d e  8.  An increment  of i r r a d i a n c e  a t  a s a t e l l i t e  due to r a d i a t i o n  
from an increment of area on the  s u r f a c e  can be w r i t t e n  
1 
IT 
dE = - M ( X , 8 )  COS 5 dw 
where 5 
d e t e c t o r  s u r f a c e  and &I is t h e  s o l i d  a n g l e  a t  t h e  d e t e c t o r  subtended by 
t h e  increment of area. The t o t a l  i r r a d i a n c e  due to  t h e  Ea r th  region wi th in  
t h e  d e t e c t o r  f i e l d  of view (FDV) is given by 
is t h e  angle  which t h e  incoming ray  m a k e s  wi th  t h e  normal to  t h e  
E = M(X,8) COS 5 dw 
TT 
FOV 
I f  t h e  f l u x  d e n s i t y  is assumed to  be uniform over the  detector f i e l d  of view, 
the  i r r a d i a n c e  can be expressed  as a product  of t h e  f l u x  d e n s i t y  and a geometr ic  
shape factor F. That is ,  
E = M ? ?  
where t h e  geometr ic  shape f a c t o r  is given by 
FOV 
17 
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APPENDIX 
F igu re  18 i l l u s t r a t e s  t h e  geometry of t h e  ESSA 7 d e t e c t o r .  The r o t a t i o n  ang le  
f3 of t h e  d e t e c t o r  w a s  i n  a p l ane  normal to t h e  s u r f a c e  of t h e  Ea r th .  I n  t h i s  
s p h e r i c a l  c o o r d i n a t e  system, 
and 
dw = COS n dn dB 
Thus, equa t ion  ( A l )  can be w r i t t e n  
I n t e g r a t i n g  over B and expres s ing  B i n  terms of i l l  
Since  t h e  d e t e c t o r  rotates through T r a d i a n s  w h i l e  f3 goes from 0 t o  
Bmax(n) ,  t h e  shape factor can be expressed  as 
where t h e  u n r e s t r i c t e d  view a n g l e  
The i n t e g r a l  (eq. ( A 2 ) )  was eva lua ted  numer ica l ly  over t h e  range of Vmax which 
corresponded to t h e  v a r i a t i o n  i n  o rb i t  a l t i t u d e .  The va lue  of  ‘Imax is 55O a t  
t h e  mean satel l i te  a l t i t u d e  of J450 km. 
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Direct S o l a r  Rad ia t ion  
The solar f l u x  a t  t h e  E a r t h  can be expressed  as 
HS($ 
* where H, 
Ear th  and L is t h e  actual  d i s t a n c e  normalized by t h e  m e a n  d i s t a n c e .  
is t h e  solar f l u x  d e n s i t y  a t  t h e  mean d i s t a n c e  of t h e  Sun from t h e  
Now, l e t  a f l a t - p l a t e  d e t e c t o r  have an absorp tance  a and an emi t t ance  E 
r e l a t i v e  to  solar r a d i a t i o n .  I f  t h e  plate  is r o t a t e d  through an incrementa l  
angle  d$ about an a x i s  which is i n c l i n e d  to  t h e  Sun‘s r ays  by an angle  y ,  an 
increment of i r r a d i a n c e  can be expressed  as 
During each r e v o l u t i o n ,  t h e  plate is exposed to s u n l i g h t  h a l f  t h e  t i m e ,  and t h e  
i r r a d i a n c e  is  g iven  by 
The factor s i n  y/IT can be thought of as a geometr ic  shape f a c t o r  f o r  a rotat-  
i n g  f l a t  plate  exposed to d i r e c t  solar r a d i a t i o n .  
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TABLE I.- M3NTHLY AND SEASONAL AVERAGES OF RADIATION PARAMETERS FOR 
ESSA 7 DATA PERIOD (SEPT.  1968 THROUGH FEB. 1969)  
Per id* 
Sept . : 
NH 
SH 
G 
N o v .  : 
NH 
S H  
G 
Sept . - O c t  .-Nov. : 
NH 
S H  
G 
D e c .  : 
NH 
SH 
G 
Jan.: 
NH 
SH 
G 
Feb. : 
NH 
SH 
G 
D e c . - J a n . - F e b .  : 
NH 
S H  
G 
Solar f l u ]  
dens i ty ,  
W/m2 
351 .1 
317.8 
334.4 
288.2 
392.3 
340.2 
236.1 
455.1 
345.6 
291.8 
388.4 
340.1 
211.9 
486.0 
349 .O 
224 .o 
473.7 
348.9 
268.1 
425.6 
346.9 
234.7 
461.8 
348.2 
E m i t t e d  f l u x  
dens it y , 
W/m2 
~~ 
228.9 
223.1 
226 .O 
231 .8 
229.3 
230.5 
~ 
225.0 
231.6 
228.3 
228.6 
228 .O 
228.3 
_ _  
220.6 
228.3 
224.5 
21 3 .O 
228.3 
220.7 
216.0 
229.2 
222.6 
216.5 
228.6 
222.6 
- 
R e f l e c t e d  f l u x  
dens i t y  , 
W/m2 
100.9 
97.4 
99.2 
83.0 
128.2 
105.6 
68.5 
148.8 
108.7 
84.0 
124.8 
104.4 
59.5 
152.7 
106.1 
52.6 
144.6 
103.6 
75.0 
126.8 
100.9 
~ 
65.7 
141 .4 
103.5 
-~ 
N e t  f l u x  
dens i ty ,  
W/m2 
21.3 
-2.7 
9.2 
-26.6 
34.8 
4.1 
-57.4 
74.7 
8.6 
-20.8 
35.6 
7.4 
. .  
-68.2 
105.0 
18.4 
-51.6 
100.8 
24.6 
-22.9 
69.6 
23.4 
-47.5 
91.8 
22.1 
.. 
A l b e d o  
0.287 
.306 
.297 
0.288 
.327 
.310 
0.290 
.327 
.315 
0.288 
.321 
.307 
0.281 
.314 
.304 
0.279 
.305 
.297 
0.280 
.298 
.291 
- 
0.280 
.306 
.297 
*NH, N o r t h e r n  H e m i s p h e r e :  S H ,  Southern H e m i s p h e r e ;  and G, G l o b a l .  
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TABLE 11.- COMPRRISON OF ESSA 7 GLOBAL RESULTS W I T H  OTHER DATA 
~ 
Data per iod  Average on g l o b a l  s c a l e  I 
Months 
Emitted f l u x  
d e n s i t y ,  
W/m2 
Source 
Present  a n a l y s i s  
Reference 1 
S a t e l l i t e  o r b i t  N e t  f l u x  
d e n s i t y ,  
W/m2 
7.4 
Years 
~ 
1968 
1968-69 
1963  
1964 
1965  
~ 
Albedo 
0.307 
0.297 
0.280 
0.310 
228.3 ESSA 7 
3-p.m.l SS2 o r b i t  
Sept . ,  O c t . ,  Nov. 
D e c . ,  Jan. ,  Feb. 
Sept . ,  O c t . ,  Nov. 
222.6 22.1 
237.1 14 .0  Severa l  s a t e l l i t e s ,  
d i f f e r e n t  o r b i t s  
- ~ 
Dee., Jan . ,  Feb. 223.1 1960-61 
1961 -62 
1962-63 
1963-64 
1964-65 
1963  
1964  
1965  
1963-64 
1964-65 
1965-66 
1964 
1968 
1969 
1964-65 
1968-69 
~ 
1969 
20.9 
7.0 
7.0 
Reference 1 5  237.1 Severa l  s a t e l l i t e s ,  
d i f f e r e n t  o r b i t s  
S e p t . ,  O c t . ,  Nov. 0.280 
~ 
Dee., Jan . ,  Feb. 230.1 0.310 
233.1 6 .3  Reference 8 
Reference 7 
Reference 6 
Severa l  s a t e l l i t e s ,  
d i f f e r e n t  o r b i t s  
Sept . ,  O c t . ,  Nov. 0.301 
0.311 230.2 10.4 D e c . ,  Jan. ,  Feb. 
242.7 4.2 0.282 Nimbus 3 ,  
12-noon SS o r b i t  
O C t .  3-17 
Jan .  21 - Feb. 3 
Feb. 18 - Mar. 16 
1970 
1971 
235.0 16 .0  0 .283  
247.0 -12.1 NOAA 1 ,  
3-p.m. SS o r b i t  
0.351 
l ~ o c a l  t i m e  f o r  a s c e n t  c r o s s i n g  a t  equator .  
2SS, Sun synchronous. 
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Figure 1.- Average local time as function of spacecraft latitude. 
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Figure 3.- Variation of thermal mass coefficient with detector temperature 
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Figure 4.- Values of shortwave detector response factor for plate 
radiometers on ESSA 7. 
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F igure  6.- Monthly averages of zonal  emit ted f l u x  dens i ty  for each 
month analyzed. 
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Figure 7 . -  Comparison of emitted f l u x  density for ESSA 7 w i t h  the results 
of reference 8. 
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Figure 8.- Typical plots of zonal emitted f l u x  density for ascent and descent. 
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Figure 8.- Concluded. 
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Figure 9.- Monthly averages of zonal albedo for each month analyzed. 
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Figure 10.- Comparison of albedo r e s u l t s  with those of reference 8 .  
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Figure 11.- Monthly averages of zonal net flux density for each month analyzed. 
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Figure 12.- Comparison of net f lux  density results with those of reference 8. 
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Figure 12.- Concluded. 
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Figure 13.- Global distribution of emitted flux density for typical months 
(ESSA 7 data). Units are W/m2. 
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Figure 14.- Global distribution of albedo for typical months (ESSA 7 data). 
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Figure 15.- Global  d i s t r i b u t i o n  of n e t  flux d e n s i t y  for t y p i c a l  months (ESSA 7 d a t a ) .  
Uni t s  are w/m2. 
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Figure 16.- Comparison of global distribution of emitted flux density between 
results from ESSA 7 (Sept. 1968) and results from Nimbus 6 (Aug. 1975). 
Units are W/m2. 
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Figure 17.- Comparison of global distribution of albedo between data from 
ESSA 7 (Sept. 1968) and data from Nimbus 6 IAua. 1975) - 
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Figure 18.- Geometry for rotating flat-plate detector above Earth. 
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